INTRODUCTION
The ability to generate patient-tailored stem cells has been a long standing dream in the field of regenerative medicine. For many years the main strategy to achieve this goal was the development of efficient procedures for somatic cell nuclear transfer (SCNT) based on the remarkable studies by Wilmut et al. demonstrating that the nucleus of an adult somatic cell can be reprogrammed upon transplantation into an enucleated egg gaining the potential to form a complete organism, such as Dolly the sheep [1] . Over the years, the feasibility of SCNT has been demonstrated for more than a dozen mammalian species, including mouse [2] , cattle [3] , horse [4] , cat [5] , pig [6] and dog [7] . Nuclear transfer embryonic stem (ES) cells have been derived from both mouse [8, 9] and non-human primate [10] hosts. However, the success of SCNT in humans has remained elusive and using current technologies, with the associated technical and ethical concerns, it appears unlikely that SCNT will become a viable option for routine generation of patient-specific cells. In contrast, the discovery of induced pluripotent stem (iPS) cells by Yamanaka and colleagues [11, 12] has made the routine generation of patient-specific cells not just feasible but a routine technology used in many laboratories worldwide (for review [13] ).
The ease of generating patient-specific iPS cells raises the question of what may represent the most important applications of the technology. The original idea of using patient-specific cells for generating immunocompatible tissue cell types remains an important goal. However, there are considerable challenges to safely implement cell therapy approaches for the treatment of human disease, and only a limited subset of disorders may be amenable to this approach with a well-defined pathology. A more immediate application may be the use of patient-specific iPS cells in modelling human disease and as a novel tool to generate tissue-specific cell types for drug discovery. A number of studies have made important steps towards this goal. Early work focused on generating iPS cells from a range of diseases [14] such as adenosine deaminase deficiency-related severe combined immunodeficiency, Schwachman -Bodian -Diamond syndrome, Gaucher disease type III, Duchenne and Becker muscular dystrophy, Parkinson disease (PD), Huntington disease (HD), juvenile-onset, type 1 diabetes mellitus, Down syndrome/trisomy 21, and Lesch -Nyhan syndrome. Several early studies were also able to demonstrate that patient-specific cells can be differentiated into symptom-relevant cell types such as spinal motoneurons in the case of ALS [15] or midbrain dopamine neuron-like cells in the case of PD [16] . A small number of subsequent studies went beyond generating symptom-relevant cells towards demonstrating in vitro disease phenotypes such as decreased survival of cholinergic motoneurons and changes in the number of 'gems' (deposits of SMN (survival of motor neuron) protein) in an iPS cell model of spinal muscular atrophy (SMA) [17] . Other examples include evidence of in vitro hypertrophy of cardiac cells derived from iPS cells of patients suffering from Leopard syndrome [18] , demonstrating long QT syndrome in vitro as measured by electrophysiology in iPS-derived cardiomyocytes obtained from families with long QT syndrome [19] , or measuring metabolic changes in iPS cell-derived hepatocytes from various metabolic disorders such as a1-antitrypsin deficiency, familial hypercholesterolaemia and glycogen storage disease type 1a [20] . Most recently, two studies using patient-specific iPS cells from girls suffering from an autism-related disorder (Rett syndrome) showed that Rett-iPS-derived neural precursors exhibit increased rates of L1 retrotransposition [21] , a robust and interesting result though of unclear disease-relevance for Rett syndrome [22] , and demonstrated that Rett-iPS cell-derived neurons have reduced numbers and densities of dendritic spines associated with reduced electrophysiological maturation [23] .
In the current review, we will describe our work on familial dysautonomia (FD) [24] , an example of human iPS cell-based disease modelling that is quite advanced in moving from iPS cell generation, the derivation of symptom-relevant cell types and discovery of multiple disease-associated phenotypes, to the successful use of candidate drugs to reverse in vitro phenotypes and the use of this system for both mechanistic studies and for applications in drug discovery. The goal is to present both the promise and the challenges involved in making iPS cell-based disease modelling a reality.
2. FAMILIAL DYSAUTONOMIA FD was originally described as Riley-Day syndrome [25] , a rare autosomal recessive disorder [26] characterized by extensive autonomics nervous system deficits and dysfunction of small-fibre sensory neurons [27] . FD belongs to the category of hereditary sensory and autonomic neuropathy (HSAN) and is classified as HSAN-III. FD, unlike other types of HSANs, occurs nearly exclusively within people of Ashkenazi Jewish heritage, who have an estimated carrier frequency of 1 : 32 [28] . Worldwide about 650 registered cases of FD are known [29] and the incidence of the disease appears to have further decreased in recent years owing to systematic prenatal screening of the risk population [30] . A major milestone in the field was the identification of a single point mutation in the I-k-B kinase complex-associated protein (IKBKAP) gene. This point mutation in intron 20 of IKBKAP (IKBKAP IVS20 þ6T!C ) is responsible for 99.5 per cent of all FD cases [31, 32] and results in a tissue-specific splicing defect with various levels of exon 20 skipping and reduced levels of IKAP protein [32] . Other very rare forms of FD include patients heterozygous for the IKBKAP IVS20
þ6T!C mutation but with additional missense mutations in the IKBKAP gene at R696P [31, 32] or P914L [33] .
Many of the clinical symptoms of FD can be linked to the autonomic nervous system dysfunction [27] . Gastrointestinal (GI) problems include poor oropharyngeal coordination leading to aspiration, frequent vomiting and reflux disease. Respiratory problems are caused by frequent aspiration from the GI tract and by a primary insensitivity to low O 2 (hypoxia) and high CO 2 levels (hypercapnia). Cardiovascular problems are characterized by positional hypotension as well as reactive hypertension following autonomic crises, particularly in older patients. Ophthalmological problems are also very common and are typically related to reduced tear production and an insensitivity of the cornea resulting in low blinking rates and indifference to corneal damage. Furthermore, patients frequently suffer from postural problems and commonly develop juvenile forms of scoliosis. Cognitive function remains generally intact and most patients display a normal IQ [34] . However, there is a distinct subset of patients with mild to severe central nervous system (CNS) deficits that appear unrelated to the severity of the peripheral symptoms. Using improved symptomatic treatments, the last decades have shown a dramatic increase in life expectancy from 50 per cent of patients reaching age 5 (at around 1960) to approximately 50 per cent of patients reaching 20, with some patients reaching age 40 [27] .
Consistent with the strong autonomic neuron dysfunction, there are pathological studies performed more than 30 years ago that demonstrated dramatically reduced neuron numbers in the superior cervical sympathetic ganglia or the sphenopalatine ganglia and a near complete loss of autonomic neuron terminals at peripheral blood vessels [35] . The few remaining sympathetic neurons were shown to upregulate the expression of tyrosine hydroxylase potentially as a strategy to compensate for sympathetic neuron loss [36] . Sensory neurons are also impaired in FD with decreased neuron numbers in the dorsal root ganglia [37] and a particular loss of non-myelinated neurons and small-fibre myelinated neurons [38] . In contrast, several parasympathetic ganglia such as the ciliary ganglion appear to be relatively spared by the disease [39] . For a summary of the clinical presentation of FD see table 1 .
The discovery that a single point mutation in IKBKAP causes FD has stimulated numerous studies aimed at disease pathogenesis. At the molecular level, it has been shown that the point mutation results in decreased splicing efficiency and variable levels of exon 20 exclusion resulting in the production of both wild-type (WT) and an unstable mutant IKBKAP transcript. There is no evidence that the mutant transcript yields IKAP protein, and therefore, FD can be considered as a partial loss of IKBKAP function disease. Interestingly, the extent of IKBKAP missplicing in FD patients shows considerable tissue-specific differences [32, 40] that may underlie the tissue-specific clinical symptoms of the disease.
IKBKAP, also called ELP-1, is a component of the transcription elongation complex that has histone acetyltransferase activity, primarily directed towards histone H3 [41] . However, a substantial fraction of the elongator complex is located in the cytoplasm and acetylation of non-histone proteins has also been suggested to play an important role in IKBKAP FD-iPS cell-based disease modelling G. Lee & L. Studer 2287 function. In fact, recent studies [42] have demonstrated that loss-of-function of elongator activity results in acetylation defects of a-tubulin with subsequent deficits in cortical migration and neurite extension. Other proposed functions for the elongator complex include roles in exocytosis [43] , in c-Jun N-terminal kinase-signalling, demethylation of zygotic paternal genomic DNA [44] and in t-RNA modification [45] , although there is no common agreement about the contribution of each of those mechanisms to elongator function (for discussion, see [46] ).
With the identification of the genetic defect responsible for FD, it was important to test whether loss of IKBKAP function in the mouse can be used to model the human disease. It has been shown that mice null for IKBKAP are developmentally arrested at midgastrulation resulting in early embryonic lethality [47] . The generation of bacterial artificial chromosome (BAC) transgenic mice carrying the human BAC with the FD disease-causing mutation has been used to model tissue-specific splicing of the IKBKAP gene [40] . However, introducing the human disease-specific BAC onto an IKBKAP-null mouse background leads to a complete rescue of embryonic lethality without any signs of disease in the resulting mouse [47] . Therefore, there are currently no mouse models of FD that can recapitulate the human disease phenotype.
TOWARDS AN INDUCED PLURIPOTENT STEM CELL MODEL OF FAMILIAL DYSAUTONOMIA
(a) Traditional cell-based models of familial dysautonomia Several cellular models of FD have been established over many years to study the human disease, including patient-specific fibroblast or lymphoblast cell lines. Studies in FD fibroblasts have been used to pursue a broad range of hypotheses on FD pathogenesis, such as changes in mitochondrial function [48] or neurotrophic factor secretion [49] . The more widely accepted differences in cell motility [41] and splicing [32] have also been first characterized in patientspecific fibroblasts. Traditional cell-based models have also been used to screen for candidate drugs that may reverse the splicing phenotype observed in FD. In particular, human FD lymphoblast cell lines were screened against a panel of 1040 bioactive compounds (National Institute of Neurological Disorders and Stroke (NINDS) Custom Collection, MicroSource Discovery Systems). This study monitored expression of both WT and mutant IKBKAP transcript using conventional and quantitative RT-PCR assays [50] . Kinetin showed a dose-dependent decreased in mutant transcript with a concomitant increase in WT transcript. Overall levels of IKBKAP mRNA were unchanged except at very high kinetin concentrations. While these studies demonstrated the power of cell-based models in FD, they remained limited by the fact that neither fibroblasts nor lymphoblasts represent symptom-relevant cell types. The availability of the cell types affected in FD such as neural crest and possibly CNS neural lineages is critical for modelling disease pathogenesis and to understand the tissue-specific manifestation of the disease. Given the obvious challenges in harvesting neural cells directly from patients, it became critical to identify a renewable human cell source that could be used for such studies. One of the most obvious strategies was the isolation of neural cells from human pluripotent stem cells, such as human ES or iPS cells. Over the last few years, multiple protocols have been established for the directed differentiation and purification of CNS and peripheral nervous system (PNS) lineages from human pluripotent stem cells such as human ES cells [51, 52] . The derivation of neural crest lineages including multipotent neural crest stem cells [53] may be of particular relevance for generating diseaserelevant cell types in FD.
(b) Strategies to generate patient-specific pluripotent stem cells In addition to iPS cell technology, there are a number of potential strategies for deriving patient-specific cells relevant to modelling FD (figure 1). The classic paradigm of using SCNT to generate genetically matched cells has not become a viable approach owing to the lack of success with human SCNT and the difficulties in procuring sufficient numbers of human donor oocytes. The use of parthenogenetic [54] (from unfertilized oocyte) or various types of testis-derived [55] [56] [57] (from male germcell precursors) pluripotent stem cells are potential alternatives for generating matched human stem cell populations. However, either strategy is limited to male or female donors at the appropriate age, respectively, and the resulting stem cell lines typically carry genetic and imprinting-related differences that make those cells an imperfect source for disease modelling. A more practical strategy is the generation of ES cells derived from embryos that underwent pre-implantation genetic diagnosis (PGD). PGD lines have been generated for a broad range of genetic diseases, such as HD [58, 59] , cystic fibrosis [58, 59] , myotonic dystrophy [58] , fragile X syndrome [59, 60] , Gaucher's syndrome [61] , Duchenne dystrophy [61] , Saethre-Chotzen syndrome [61] , torsion dystonia [61] , Alport syndrome [61] , multiple endocrine neoplasia [59] , spino-cerebellar ataxia [59] , Fabry syndrome [59] , Charcot Marie Tooth disease [62] , osteogenesis imperfecta [62] and facioscapulohumeral muscular dystrophy [62] . Despite the availability of those lines there are very few examples of successful disease modelling using PGD lines [60, 63] . Furthermore, we are not aware of any available PGD human ES cell line for FD.
Another powerful strategy to model human diseases is the use of genetic engineering to introduce or delete disease-related genes. An early successful example of this approach is knockout human ES cell lines for hypoxanthine-guanine phosphoribosyl transferase (HPRT), modelling Lesch-Nyhan disease [64] . In the case of FD, gene targeting may be a particularly interesting to determine sufficiency of the IKBKAP point mutation to cause disease phenotypes. Nearly, all patients with FD are of Ashkenazi Jewish origin and 99.5 per cent of the patients carry the identical homozygous point mutation. The obvious question therefore is whether introducing the same point mutation into unrelated human ES or iPS cell lines of non-Ashkenazi Jewish background can mimic the disease phenotype or whether other contributing genes in the donor background are required. Such studies remain technically challenging as they involve successful targeting of both IKBKAP alleles. However, novel genetargeting approaches in human ES and iPS cells such as the use of zinc finger nucleases [65, 66] or adeno-associated virus-mediated gene targeting [67] should help in making such approaches feasible in the near future.
Clearly, the currently most promising strategy to generate human disease-specific stem cell lines is the use of iPS cell technology to reprogramme FD fibroblasts or other somatic cell types. A broad number of vectors and delivery systems have been used to successfully reprogramme somatic cells including classic retroviral [11] or lentiviral [68] vectors, vectors allowing for inducible expression [69] or transgene excision [16] , piggyBAC transposons [70] , episomal expression vectors [71] , protein-based reprogramming [72] and, most recently, RNA-based reprogramming methods using RNA viruses [73] or synthetic modified RNAs [74] . Furthermore, there is intense work on the use of small molecules-based reprogramming strategies [75] . The advantages of iPS cell technology as compared with all the alternative approaches is the relative ease of use, the ability to generate multiple independent clones and the possibility of generating iPS cell lines from a large number of individuals. Potential disadvantages include technical concerns related to any given vector system such as insertional mutagenesis for integrating vectors systems, the risk of generating partially reprogrammed clones, uncertainties about whether iPS cells are truly equivalent to the ES cell counterparts [76, 77] , questions related to incomplete reprogramming of epigenetic memory [78, 79] and the lack of complete reactivation of the X-chromosome in female lines commonly seen in human iPS cells [80] .
In the case of generating FD-iPS cells suitable for disease modelling, we have primarily used a lentiviral vector approach that enables real-time monitoring of transgene expression using a P2A element linked to a unique colour for each of the four reprogramming factors [24, 81] . Using this system, we can ascertain silencing of transgenes both at the undifferentiated iPS cell stage and upon differentiation into symptom-relevant cell types. However, reliance on spontaneous silencing of transgenes in pluripotent cells remains a suboptimal approach, and future studies should include the use of transgene-free FD-iPS cell lines in an effort to further reduce technical variability for mechanistic studies and for drug discovery.
(c) Familial dysautonomia-induced pluripotent stem-based disease model A critical issue for iPS cell-based human disease models is the identification and derivation of the symptom-relevant cells suitable for in vitro studies. In the case of modelling FD, we had to resolve two major questions related to disease pathogenesis. On the one hand, there was evidence for tissue-specific splicing as the potential culprit for the specific-disease symptoms in the neural crest and other neural lineages [32] . For the development of a relevant disease model that reproduces tissue-specific splicing in vitro, it was critical to derive multiple independent tissue-specific cell types such as CNS and PNS precursors but also haematopoietic, endothelial and endoderm cell types [24, 81] . While our study was able to detect tissuespecific differences in IKBKAP splicing the differences were not dramatic and quantitative analyses for the expression of WT transcript were required to demonstrate the particularly low IKBKAP levels in the neural crest lineage. Future studies should determine
whether specific cell types within the neural crest lineage such as autonomic neurons or sensory neurons show distinct IKBKAP splicing compared with other neural crest lineages and whether such subtype-specific results may be more predictive for modelling the tissue specificity of the human disease. While the splicing study required the derivation of a broad set of cell types across all three germ-layers, the studies related to pathogenesis within the neural crest lineage were focused on the use of neural crest precursor cells [24] . For these studies, we made use of the neural crest precursor cell isolation strategies based on the generation of neural plate stage neuroepithelial precursors followed by prospective isolation of p75þ and/or HNK1þ fractions as previously described in detail [52, 53] . Those cells are of cranial neural crest identity [53] and it will be interesting to see whether novel differentiation protocols under development-for the generation of trunk and other anterior -posterior regions of neural crestwill show identical or distinct disease patterns.
Beyond IKBKAP splicing, the most robust phenotype observed across all FD-iPSC lines and subclones tested was the reduction in ASCL1 both at the mRNA and protein level [24] . ASCL1 is a particularly interesting gene as the knockout of the mouse orthologue (Mash1) resulted in a complete loss of autonomic neuron generation [82] , the neuron type most dramatically affected in FD [27] . Our work demonstrated that the generation of ASCL1þ neurons from purified FD-iPS cell-derived neural crest precursors is dramatically reduced and delayed, an in vitro disease phenotype compatible with the clinical symptoms and the pathological observations in FD patients. However, we have not yet further characterized whether the reduction is because of a problem in specification or early maintenance of autonomic neuron precursors. It would be interesting to determine whether there are specific subtypes of autonomic neurons that are more or less affected in our model and that may inform about differential sensitivity in FD. Furthermore, the iPS cell system should enable studies to determine whether the autonomic neuron defects is a cell autonomous or non-autonomous defect by mixing FD-and controliPS precursors at defined differentiation stages and cell numbers. Defects in cell motility as observed in our FD-iPS cell-derived neural crest precursors have been reported previously in fibroblast genetically depleted of IKBKAP [41] . Similar to the splicing defect, it will be interesting to define the cell-type specificity of the defect and to determine whether reduced motility can be linked to changes in acetylation of alpha-tubulin as demonstrated for the migration of IKBKAP depleted cortical neurons [42] .
One of the major goals of establishing iPS cellbased disease models is the promise of a novel area of drug discovery based on access to unlimited numbers of patient-specific, symptom-relevant cell types. To date, there have been no published reports on using iPS cell-based disease models for large-scale drug discovery efforts, but there are clearly a number of groups that are currently pursuing such strategies. Our own published work, as well as similar efforts in SMA [17] , has focused on testing the iPS-based disease model against a small set of candidate compounds. We were able to test most of the key compounds previously proposed to be of potential value for treating FD such as the vitamin E derivative tocotrienols [83] , the polyphenol epigallocatechin gallate [84] and the plant hormone kinetin [50] . We only observed robust rescue of FD-iPS cell phenotypes such as splicing and the generation of autonomic neurons with kinetin but not any of the other compounds. However, most of those assays were limited to testing kinetin as the other compounds did not show robust phenotypes at the fibroblast stage and therefore were not further pursued. However, we cannot rule out that under different conditions and treatment regimens those other compounds may also beneficially affect splicing or overall expression levels of IKBKAP or impact other FD-related phenotypes. Our kinetin studies indicate that long-term and likely early-stage treatment is required to rescue disease phenotypes. One interpretation of those data is FD patients would need to be treated with kinetin already at very early developmental stages, potentially even during in utero development. However, it may also be possible that prolonged treatment at a later stage could still be effective by inducing neurogenesis over time in the small set of remaining endogenous neural crest precursor populations or by arresting the progressive degenerative nature of the disease. It will be interesting to test whether our iPS cell model will allow us to distinguish among those various alternatives by running multiple treatment regimens as a sort of in vitro clinical trial across a large set of independent FD-iPS cell lines. For a summary of the steps involved in FD-iPS cell-based disease modelling see figure 2.
WHAT ARE THE NEXT STEPS? (a) Genetic rescue
A critical point for modelling any type of monogenic disease is the ability to genetically rescue disease phenotypes. In the case of FD, one could think of a number of possible strategies. FD can be considered a partial loss-of-function disease by the fact that the mutant IKAP transcript does not get translated into protein, and that only patients homozygous for the disease appear to show symptoms. However, precise levels of IKBKAP expression may be critical for its function in transcriptional elongation, and it is clearly preferable to have a system that maintains tissue specificity of expression. If both levels and tissue-specific expression are critical, there may be two main strategies for genetic rescue in FD-iPSCs: gene targeting and BAC transgenesis. The use of BAC transgenes has been shown to completely rescue IKBKAP deficiency in a null mutant mice [47] . In this case, the IKBKAP null mouse is not a representative model of the disease per se, since it results in early embryonic lethality. However, embryonic lethality can be rescued when using the human BAC containing the FD mutation [47] and the resulting mouse can be used for modelling tissue-specific IKBKAP splicing though it does not exhibit any FD-related disease symptoms [47] .
The use of BAC transgenesis in the human FD-iPS model should retain tissue specificity of IKBKAP expression and enable transgene dosing by isolating independent BAC rescue clones with various copy number. Similar approaches have been used previously to model the role of Zfx in the pluripotency in mouse [85] and human ES cells (M. Tomishima 2011, personal communication). In addition to BAC-based rescue, the most obvious strategy is homologous recombination to knock-in the WT allele into the endogenous disease locus of FD-iPS cells. Currently, there have been no published reports at performing homologous recombination for the rescue of an iPS cell disease phenotype but several groups are working on making this approach a reality. One critical question in the context of FD is whether repair of a single allele will lead to a full rescue of the iPS cell in vitro phenotypes. Our original studies did not include the analysis of iPS cells from heterozygous FD carriers that may represent a good control for these rescue studies. In fact, it will be very The resulting patient-specific iPS cells were validated for transgene silencing and other pluripotent properties and differentiated into multiple disease-relevant cell types in order to assess disease mechanisms, such as tissue-specific splicing and defects in neurogenesis. Finally, the in vitro assays were used to test for candidate drugs that could rescue FD-iPS cell disease phenotypes. One such compound, the plant hormone kinetin, was capable of partially reversing both the splicing and neurogenesis defects.
interesting to compare in vitro disease phenotypes of iPS cells derived from a normal carrier with those of FDiPS cells rescued to a carrier status after gene targeting and those induced to a carrier status by introducing the disease-causing allele into WT hES and iPS cells. However, a key issue remains the question of genetic sufficiency and whether inducing a homozygous mutation into WT human ES or iPS cell is capable of reproducing the full in vitro phenotype independent of ethnic background. A related question is whether the iPS cell-based model can predict differences in clinical manifestation of the disease. As it turns out, there are considerable differences in disease severity among FD patients and most of the FD-iPS cell lines generated to date are from patients with severe disease. Furthermore, most FD patients are of normal intelligence while a subset of patients shows reduced cognitive function [34, 86] . There has been a lot of discussion of iPS cell technology and personalized medicine. The case of FD could provide again a testing ground to put these ideas into practice. For example, will our iPS cell model enable the identification of severe versus more mild cases of FD purely based on in vitro disease manifestation? Will it be possible to predict which patient are prone to CNS complications by in vitro behaviour of neural crest and CNS-derived neural cells across patients? If it is indeed feasible to model disease severity and differential CNS involvement across patients, the FD-iPS cell could turn into a powerful system to identify the genetic factors responsible for patient-specific disease symptoms. The ability to reliably detect differences among various FD patients would also indicate that iPS cell-based modelling can discriminate phenotypic changes associated with complex genetic background factors independent of the key monogenic defect shared among all FD patients. The identification of complex genetic phenotypes will be a key requirement for the use of iPS cell technology in modelling disorders such as Alzheimer's disease or PD. Those much more common human diseases generally involve a complex array of contributing genetic and non-genetic factors and occur late in life, all factors that will make iPS cellbased disease modelling considerably more challenging than in the case of FD [87] .
(b) A novel system for mechanistic studies of familial dysautonomia pathogenesis The use of cell-based systems to study mechanism of disease is one of the great promises of iPS cell research. It is now possible to generate nearly unlimited numbers of iPS-derived disease-relevant cell types for biochemical or genetic studies. In the case of FD, those cells could be used to address mechanisms underlying the splicing defect and its tissue specificity. Previous work in HEK293 cells has attempted to address the mechanisms for IKBKAP missplicing in FD [88] . Exclusion of exon 20 of the IKBKAP gene was modelled in silico and validated using a minigene in vitro splicing assay. The in silico modelling data suggested that the missplicing event cannot be explained alone by the disease-causing point mutation in the intron at position 6, a position that does not affect splicing of most other introns. Based on these studies there is a weak upstream 3 0 splicing site that contributes to exon 20 exclusion in combination with the FD mutated 5 0 splicing site [88] . The use of iPS cells for such studies should enable addressing the tissue-specific differences in alternative splicing by comparing cell types that are most differentially affected by the FD mutation such as cardiomyoctyes (low levels of missplicing) versus central and peripheral neurons (thought to exhibit highest levels of mutant transcript). Access to unlimited numbers of tissue-specific FD-iPS-derived cell types may allow the isolation of tissue-specific co-factors that control the extent of missplicing in the disease cells. There is also is considerable interest in using FD-iPS cells to access CNS neurons and to test the hypothesis derived from IKBKAP loss-of-function studies in mouse cortical neurons [41, 42] . These data suggest that the elongator complex is critical for acetylation of nonhistone proteins including a-tubulin, and that the resulting cellular migration defect in IKBKAP depleted neurons may underlie FD pathogenesis. Human iPS-derived tissues should provide a powerful source of material for the systematic analysis of nonhistone acetylation events across the proteome using modern mass spectrometry technologies [89, 90] .
It is currently unclear whether reduced ASCL1 expression levels observed in neural crest precursors across all FD-iPS cell clones is a primary or secondary event during disease pathogenesis. Loss-of-function data for Mash1 (orthologoue of human ASCL1 gene) in the mouse are striking, with a loss of autonomic neurons, the cell type mostly affected in FD. However, low ASCL1 levels in FD-iPS cell-derived neural crest precursors could also be simply a secondary consequence rather than the cause of the disease, as both ASCL1 and SCG10 represent classic autonomic markers [91] that were similarly affected in our system.
(c) Platform for drug screening and future therapies FD may be one of the first disorders to yield therapeutically relevant compounds from iPS cell-based drug screening efforts. Key advantages for FD-iPS cellbased drug discovery are the relatively robust phenotypes such as the splicing and neurogenesis defect, the proofof-concept for successful high throughput screening (HTS) approaches in FD lymphoblast cell lines [50] , and the ability to generate symptom-relevant cell types in a scalable, reproducible and fairly homogeneous manner. We observed that human iPS cell-derived neural crest precursors can be proliferated after initial isolation [53] in the presence of fibrobalst growth factor (FGF)2/epidermal growth factor (EGF). Under those in vitro expansion conditions neural crest precursors retain basic marker expression profiles and differentiation behaviour for multiple passages. This enables the routine generation of up to 1 Â 10 9 cells within about three to four weeks of expansion. Some of the critical steps in making FD-iPS cell-derived neural crest precursors compatible for HTS assays include optimizing the conditions for cell adhesion during initial plating, determining suitable cell densities, defining the length of incubation prior to and post compound addition and implementing the use of kinetin as a positive control. While any of the three assays described initially (splicing, neurogenesis and cell motility) could be developed into a screening platform, measuring transcript levels of WTand mutant IKBKAP may be the most direct assay for a primary screen. Furthermore, our data suggest that rescuing neurogenesis or cell motility is much more challenging and requires lengthy exposure to bioactive compounds such as kinetin. The protracted culture periods (up to 28 days) necessary for such assays are not readily suitable for translation to HTS platform [24] . A critical question is whether the use of symptom-relevant cell types such as neural crest precursor cells will yield a set of molecules distinct from those obtained in patientspecific fibroblast or lymphoblast cell lines. Given the intricacies of the splicing defect and the highly distinct physiology of neural crest precursors as opposed to fibroblast of lymphoblast cell lines it is reasonable to assume more relevant screening results, but this issue remains to be proven.
The identification of kinetin or any other interesting compound from FD-iPSC-based drug discovery raises the question of how to translate in vitro results towards ultimate clinical trials. We have proposed to focus our initial HTS assays on the set of US Food and Drug Administration (FDA)-approved drugs and natural product libraries that may facilitate clinical translation (approx. 6000 compound screen). In fact, the initial discovery of kinetin emerged from a screen of 1040 compounds of FDA-approved drugs from the NINDS collection [50] . FDA-approved compounds have a known safety profile that will facilitate translation and the key question is whether the effective dose range for the approved indication is comparable to the doses required for affecting IKBKAP levels. One major impediment in the FD field is the lack of a mouse model that appropriately reflects human disease. The existing models are suitable for testing impact on IKBKAP splicing but not on any FDrelated functional parameters in vivo. Preliminary testing of kinetin in humans has been performed in a set of 29 non-affected heterozygous carriers. Subjects were exposed to kinetin at various doses for up to 8 days of treatment to determine whether blood levels of the drug are sufficient to impact IKBKAP splicing in peripheral blood cells and to address side effects [92] . These preliminary data suggest that blood levels achieved through oral administration are sufficient to affect in vivo IKBKAP splicing [92] .
While the main focus of our work is directed towards the discovery of novel bioactive compounds that may be developed into a useful treatment, there is also the possibility of developing cell therapy-based approaches to the disease. For example it may be possible to use FD-iPS cell-derived neural populations as an autologous source of neurons for targeted transplantation into those peripheral ganglia most affected by the disease. Such an approach would probably require gene correction prior to transplantation and improved techniques to direct and purify specific iPS cell-derived autonomic neuron subtypes. Given the progressive, degenerative nature of late-stage disease and the difficulties of treating patients during the earliest stages of neuron development, cell-based approaches may offer a valuable complementary approach to exploit the full potential of iPS cell technology towards a treatment and eventually a cure of this debilitating disease. For a summary of the next steps in FD-iPS cell-based disease modelling see figure 3 .
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